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The global need for energy is increasing, as is the importance of producing energy 
by green and renewable methodologies. This document outlines a research program 
dedicated to investigating a possible source for this form of energy generation and 
storage: solar fuels. The photon-induced splitting of water into molecular hydrogen and 
oxygen is currently hindered by large overpotentials from the oxidation half-reaction of 
water-splitting. This study concentrated on fundamental models of water-spitting 
chemistry, using a physical and computational chemistry analysis. The oxidation was first 
explored via ab initio electronic structure calculations of bare cationic water clusters, 
comprised of 2 to 21 molecules, in order to determine key electronic interactions that 
facilitate oxidation. Deeper understanding of these interactions could serve as guides for 
the development of viable water oxidation catalysts (WOC) designed to reduce 
overpotentials. The cationic water cluster study was followed by an investigation into 
hydrated copper (I) clusters, which acted as precursor models for real WOCs. Analyzing 
how the copper ion perturbed the properties of water clusters led to important electronic 
considerations for the development of WOCs, such as copper-water interactions that go 
beyond simple electrostatics. The importance of diagnostic thermodynamic properties, as 
well as anharmonic characteristics being persistent throughout oxidized water clusters, 
necessitated the use of quantum and classical molecular dynamics (MD) routines. 
Therefore, two new methods for accelerating computationally demanding classical and 
 iv 
quantum MD methods were developed to increase their accessibility. The first method 
utilized a new form of electronic extrapolation – a linear prediction routine incorporating 
a Burg minimization – to decrease the iterations required for solving the electronic 
equations throughout the dynamics. The second method utilized a multiple-timestepping 
description of the potential energy term in the path integral molecular dynamics (PIMD) 
formalism. This method led to reductions of computational time by allowing the use of 
less computationally laborious methods for portions of the simulation and resulted in 
negligible increase of error. The determination of the fundamental driving forces within 
water oxidation and the development of acceleration techniques for important electronic 





























Water is the most important element in life… because without it you cannot make coffee. 
- Carrie Bradshaw 
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 Fossil fuels have many advantageous properties, including high-energy density, 
low acquisition cost, and long-term storage potential. New green and renewable energy 
sources need to meet these same criteria in order to be considered viable alternatives. 
Meeting these conditions is an arduous requirement for current renewable methods, 
because most renewable-energy technologies are still in development for better efficacy. 
The goal of this research program was to investigate the properties of fundamental 
models of renewable energy chemistry, in order to understand the underlying chemical 
physics. 
 The alternative energy target for this research program was solar fuels. The 
generation of solar fuels requires the use of a catalyst in order for the requisite water-
splitting redox chemistry to be energetically practical, due to large activation barriers 
present in the oxidation half-reaction. The underlying, inner-sphere, fundamental driving 
forces within the oxidation of water are discussed throughout this research study. This 
fundamental information is intended to enable the continued developments of green, 
water-splitting systems for energy generation, resulting from a deeper understanding of 





1.2 Fossil Fuel Dependence and Damage 
Escalating environmental, political, and economic pressure is being placed on 
countries around the world to enact more environmentally friendly methods for energy 
production and storage. The impact the fossil fuel-reliant energy economy is having on 
the environment, from the global to the local scale, is becoming harder to dismiss.1-8 
Monthly global average temperatures are routinely being broken.9 The melting rate of 
polar ice deposits is increasing yearly.10 Droughts are occurring more frequently and for 
longer durations.11 Air quality of major metropolitan areas is considered a major health 
concern.12  
In addition to the environmental impact presented by the combustion of fossil 
fuels, a more pragmatic concern stems from the fact that the supply of fossil fuels is 
finite.12 The global need for energy is increasing while the reserves of fossil fuels are 
steadily decreasing.13 Fossil fuels are not a readily renewable source of energy; 
geological lengths of time are required for the natural formation of coal, crude oil, and 
other carbon-based deposits. This relationship will ultimately lead to an inescapable 
energy crisis, likely on the human timescale. To mitigate the severity of the transition 
from current fuel sources to renewable methodologies, the development of new, clean, 
alternative energy approaches is required.   
The negative impact of fossil fuels, as well as their prolific use in society, 
highlights an important dichotomy: If fossil fuel deposits are running out and their use is 
damaging the environment, what properties of fossil fuels make them too advantageous 
to transition to an alternative source? The answer is 3-fold; fossil fuels are relatively 




characteristics are required of any form of energy to be universally accepted and 
implemented.  
The dominant reason fossil fuels are cheap is that they only need to be extracted 
and processed. These procedures can be a laborious endeavor, depending on the location 
of the deposit within the earth. But society possesses the infrastructure to perform these 
extractions at large enough scales to make the process economically viable. 
Unfortunately, the extraction process itself can induce environmental hazards, such as 
earthquakes initiated by hydraulic fracturing.15 Once the fuel source has been collected 
and processed, however, only simple combustion is required to release the stored energy. 
The method of extracting energy from fossil fuel sources at the commercial scale 
has largely been unchanged throughout their use. The raw materials are incinerated to 
increase the temperature of a surrounding heat sink, typically a water bath. The water 
evaporates and expands, driving the rotation of a turbine for generating electrical energy. 
In the late 1700s, John Fitch harnessed the core concept of this process when he 
constructed a coal-fired steam engine connected to a paddle wheel, thus inventing the 
steamboat.14 Robert Fulton, who is typically is associated with inventing the steamboat, 
later took the idea founded by Fitch and further refined it. More than 200 years later, the 
overwhelming majority of global electrical energy generation is virtually identical, aside 
from some advancements in higher efficiency machinery and combustion techniques. At 
the smaller scale, internal combustion engines work in a similar manner as the turbine 
setup; combustion is used to extract the chemical energy from the fuel. The resulting 
increase in pressure, from the production of carbon dioxide and other gasses, is harnessed 




combustion engine was also developed in the late 1700s, by John Stevens; however, it did 
not use any form of electrical spark for ignition.16 As with the steam engine, the core 
concept invented hundreds of years ago is still in use with virtually no critical changes. 
Improvements have been made to the internal combustion engine, such as more efficient 
engine assemblies and better use of thermodynamics (such as the Atkinson’s cycle17), but 
at its core, a liquid fossil fuel is combusted in order to generate energy. Combustion is a 
very simple and cost-effective method of energy extraction. 
 Fossil fuels are also attractive for long-term energy storage, due to their simple 
and stable molecular structure.18 Aside from forming millions of years ago, once the fuel 
is extracted from the ground, the energy yield does not have an expiration date. Coal can 
be piled, and natural gas and oil can be contained. When needs arise, they can be 
transported and utilized with no energetic loss. The long shelf life of fossil fuels 
consequently results in less money being diverted to costly storage apparatuses. 
 One other beneficial aspect of fossil fuels is their comparably high-energy 
density, including 35 MJ/L for gasoline,19 20 MJ/L for coal,19 and 22 MJ/L for natural 
gas (compressed to a liquid).20 Compared to compressed molecular hydrogen, which has 
an energy density of approximately 6 MJ/L,19 fossil fuels carry substantially more 
chemical energy per unit volume. The higher energy density results in less required fossil 
fuel in order to produce the same amount of energy, when compared to hydrogen or other 
alternatives.  
 These benefits of fossil fuels are what retain them as the primary source of global 
energy, even given their environmental drawbacks. Fossil fuels have set the proverbial 




green or renewable form of energy must meet or exceed the advantages of fossil fuels. 
However, because nonrenewable energy sources are being outgrown by global energy 
demand, a reliable, scalable, clean energy alternative will need to be developed in the 
near future. 
 
1.3 Renewable and Green Energy Alternatives and Solutions 
 Renewable and green methods of energy production and storage do not currently 
comprise a majority of global energy generation techniques. Only 10 % of the energy 
consumed in the U.S. is from renewable sources.21 Of this small fraction, 5 % comes 
from solar energy, 19 % from wind energy, 25 % from hydro-electric energy, 2 % from 
geothermal energy, and 49 % from biomass energy.21 Renewables may not count for a 
majority the global energy output, but what they lack in overall output, they make up in 
variety. Consistently, new methods are put forth to harness a force to capture energy. For 
example, a Japanese firm, Challenergy, has recently been researching and developing 
wind turbines capable of withstanding and harnessing the forces created by the many 
typhoons Japan experiences every year.22 A company from Indiana, Solar Roadway, is 
scheduled to install a solar road at the welcome center of Route 66 and eventually into a 
small section of the road itself.23 In addition to harnessing solar energy, the road surface 
can use the energy to melt snow and ice that accumulates in the winter. A sustainable-
energy dance club in the Netherlands, aptly named Watt, harnesses the bodily movement 
of bar patrons. The floor converts the motion of dancers to electrical energy and allocates 
it to power the establishment’s audio and lighting system.24 Clearly, no shortage of ideas 
and methodologies are present for generating energy renewably. 




drawbacks. Wind relies on discontinuous air currents. Hydroelectric power needs large 
reservoirs to ensure energy supplies. Solar energy necessitates incident sunlight and is 
inhibited by weather and day and night cycles. Watt needs a rowdy nightlife. The 
common problem with these methods is discontinuous energy production.25  
 Development of energy storage is an equal and parallel problem to the 
development of green and renewable energy generation. A fundamental issue is that even 
if green energy production is possible, how is the energy going to be retained until it is 
required? Currently, no large-scale, clean, commercially viable method of storing 
electrical energy for future use is available. Elon Musk is currently employing lithium-
ion battery technology installed in large banks in California. However, these banks are, at 
present, costly to manufacture and maintain;26 lower energy density is typically 
associated with using the redox states of a material to store energy compared to that of 
chemical bonds.  To provide enough storage at the community scale, large battery 
volumes are required, thereby further complicating implementation. Another method is 
using rotating flywheels, in which the energy is stored in the rotational momentum of a 
wheel under vacuum.27 The commercial practicality of this method is suspect and has not 
been tested for longevity. Hydroelectric reservoirs are another system for storing energy 
by using excess energy to pump water into a containment basin. Unfortunately, 
hydroelectric power generation only encompasses a small fraction of global energy 
generation, limiting the impact of this method. One last example is using compressed air. 
Excess power can be diverted for compressing air into storage tanks. The stored energy 
can later be released by discharging and heating the air to rotate a turbine.28 A small 




for large specialized equipment and environments has limited the adoption of this 
method.29 However, ongoing and very promising research is currently being performed to 
make it a more globally accessible energy storage system. Although some technology 
does exist for the storage of a minimum amount of electrical energy, the requirement for 
equal or even greater efficiency in energy-storage capabilities becomes increasingly 
paramount as the efficiency of energy generation methods also continue to increase.  
 Water-splitting is one possible solution to both clean energy generation, as well as 
energy storage. The method comprises a means to store energy within the chemical bonds 
of molecular hydrogen and oxygen.  
2H2O(ℓ) + hν ⟶ 2H2(ℊ) + O2(ℊ)          𝐸
𝑜 =  −1.23𝑉 
The oxidation and reduction half reactions are shown in equations 2 and 3, respectively, 
and redox potentials are listed with respect to the standard hydrogen electrode. 
2H2O(ℓ) ⟶ 4𝑒(𝑎𝑞)
− + 4𝐻(𝒶𝓆)
+ + O2(ℊ)      𝐸𝑜𝑥
𝑜 = −1.23𝑉 
4𝐻(𝒶𝓆)
+ + 4𝑒(𝒶𝓆)
− ⟶ 2𝐻2(ℊ)            𝐸𝑟𝑒𝑑
𝑜 =    0.0𝑉 
Ideally, the splitting is initiated by solar energy, which motivates the molecular gasses to 
be termed “solar fuels”. Extraction of electrical energy from this water-splitting method 
is completed by performing the water-splitting reaction in reverse, using the molecular 
hydrogen and oxygen and a proton-exchange membrane (PEM) fuel cell. The outputs 
from this process are electrical energy, water vapor, and minimal heat. Clear advantages 
to this methodology exist beyond being renewable and green. The stored energy has a 
long lifespan. Other methods, such as batteries, slowly bleed chemical potential and are 
highly affected by temperature. The storage of the gasses will persist indefinitely if the 







not be permanently affected by large fluctuations in temperature, as can occur with 
lithium-ion batteries.30  
The storage of these solar fuels can be performed on the large scale for electrical 
grid supply or at the small scale for home and vehicle power. Even with setbacks in 
establishing a hydrogen economy via Department of Energy mandates, various 
companies are constantly trying to harness this clean energy source for transportation.31 
Chevrolet has recently unveiled a prototype hydrogen-fueled military vehicle.32 
Hydrogen fuel cells enable the vehicle to be much quieter and possess a smaller thermal 
signature than if powered by a conventional internal combustion engine. These properties 
provide unique advantages in military operations. Another company, Riversimple (United 
Kingdom), is developing a hydrogen fuel cell car to take advantage of England’s growing 
hydrogen economy.33 Although an uphill battle for the widespread utilization of hydrogen 
as an energy source exists, research and development in this field is growing.  
Water-spitting chemistry has certainly not yet been perfected and is not without 
drawbacks.  The dominant shortfall – the one on which this research program was mainly 
focused – is that the oxidation half of the water-splitting redox reaction requires an 
impractical amount of energy input. Accordingly, photo-catalysts have not been refined 
to an extent that their longevity and efficiency enable large-scale commercialization. The 
seemingly simple water-splitting reaction belies its complicated redox chemistry and 
accordant kinetic bottlenecks. In water-splitting, a 4-electron redox reaction occurs, 
promoting the formation of molecular oxygen and hydrogen from water molecules. The 
energy storage resides in the interatom chemical bonds within molecular hydrogen and 




is highly endothermic. The breaking of 4 hydrogen-oxygen bonds and the creation of 1 
oxygen-oxygen bond and 2 hydrogen-hydrogen bonds requires 4.92 eV, in a completely 
efficient and reversible system.34 This free energy results in 1.23 V per electron required 
for water oxidation.34 In solar water-splitting processes, the energy of the sun is intended 
to supply this redox potential, thereby storing the sun’s energy in the chemical bonds of 
the molecules – this is not yet feasible due to overpotentials. 
 
1.4 Water Oxidation Catalysts and Overpotentials 
Water oxidation overpotentials cause a further increase to the already large 
activation energy required to practically split water. Catalyst development is most 
concerned with the lowering of these overpotentials to keep the required activation 
energy as close to 1.23 V as possible, because, at this range, 10,000-cm-1 photons can 
activate the reaction. Many WOCs (water oxidation catalysts) have been developed and 
studied,35-42 but none yet have sufficient efficiency for use outside the laboratory setting 
for energy storage.43-45 Both homogenous WOCs, such as ruthenium polypyridine-based 
catalysts,46-49 and heterogeneous WOCs, such as hematite photoanodes,50-53 are being 
analyzed for their efficacy in solving the water-splitting overpotential problem. Even with 
novel approaches to enhancing the catalysts by decreasing electron-recombination 
probabilities,54, 55 manipulating band gaps,56, 57 and increasing the kinetics of evolving 
molecular oxygen,58, 59 a clear solution has not yet been found. The key hurdle to 
overcoming these technological barriers is a molecular-level understanding of water 
oxidation mechanisms. The research performed in this study was designed to accelerate 





The reduction of overpotentials is the reason for incorporating a catalyst into an 
electrochemical system, because overpotentials can manifest as increased activation 
energies. In water oxidation, an overpotential is created by numerous mechanisms. Some 
overpotentials cannot be circumvented by the incorporation of a catalyst, such as 
electrical (ohm) resistance within an electrolytic cell’s circuitry or the electrical 
resistance resulting from poor conductivity of the solvent inside the cell.60 Other 
overpotentials are due to the shape and size of electrodes, the distance between 
electrodes, or the composition of the semipermeable membrane between electrodes that 
could impede electrical and mass transfer.61 Overpotentials that can be reduced by 
catalysis in water-splitting, concentrate on the inner-sphere effects of the oxidation 
reaction. Full 4-electron water oxidation requires the movement of molecules, protons, 
and electrons, which can incur a kinetics penalty due to slow mass transfer. Stable, or 
even terminal, intermediates can occur, such as hydrogen peroxide evolution instead of 
oxygen evolution, as well as competing oxidation of other molecules within the reaction 
cell. Both of these outcomes slow the kinetics of the reaction and increase the energetic 
cost for initiation.62 Poor electronic overlap between the catalysts and the surrounding 
water will prevent favorable proton-coupled electron transfer (PCET) reactions that 
otherwise could lead to the greatest efficiencies.63 An efficient WOC needs to expunge, 
or at least reduce, these shortcomings in order to lower the energy input required to split 
water by a solar source. 
Many proposed and developed WOCs do reduce activation barriers. However, 
none currently have been manufactured on a large commercial scale. This lack of 




resolved. Some catalysts are not long-term stable and deteriorate under the extremely 
harsh oxidizing environmental working conditions. The pH required by many WOCs to 
perform at peak efficiency ranges from neutral to highly alkaline and presents an 
exceedingly oxidative environment64, 65 Often a catalyst may have appreciably lowered 
activation barriers, but, unfortunately, after only a handful of reaction cycles, the catalyst 
has denatured. Catalyst examples that suffer from this breakdown are a cobalt picolinate 
complex, a cobalt carbonate bypyridine cubane type complex, and a sodium cobalt 
pyridinyl cubane type complex.66 Large-scale WOC development is also inhibited by the 
expensive materials and/or laborious synthesis methods. Many proposed WOCs contain 
rare and expensive elements. The WOCs may be stable and have terrific effects on 
activation barriers but the presence rare elements make the commercialization of such 
catalysts difficult, if not unfeasible, due to cost. However, other WOCs contain cheap and 
easily obtainable elements but require highly specialized environments and laborious 
procedures for synthesis. The cost associated with bringing these procedures and 
methodologies to the large commercial scale would be substantial and, in most cases, be 
prohibitive. One such catalyst with this drawback is a multiple ruthenium-centered 
catalyst. This catalyst has minimum overpotential but requires many molecular pieces 
and synthesis steps for its assembly.67-69 Other such examples are an iridium bis-pyridine 
complex70 and a large gallium boric acid system71, both containing rare and expensive 
elements and difficult synthesis mechanisms. Lastly, and most importantly, the catalyst 
may not lower the activation energy for water oxidation enough to warrant further large 
scale development.66 An example of a catalyst containing this flaw is a copper dipyridyl 




the reaction barrier. The present study was designed to help rectify this last trait of poor 
activity in decreasing overpotentials. By developing a robust understanding of the 
electronic environment of a WOC will interact with, a deeper insight obtained into how a 
WOC can be modified in order to have an increased effect on the activation energies and 
produce a viable WOC. 
 
1.5 Summary of Methods 
The investigation into the fundamental driving forces present within water 
oxidation involved computational quantum chemistry methods that could accurately 
represent open-shell ions. This form of chemical analysis enabled the dissection of the 
highly intricate electronic characteristics present in cationic water and generated 
diagnostic data that would be challenging to obtain experimentally. Computational 
methods allowed for the analysis of orbital interactions, various forms of bonding, and 
the role of the quantum nature of electrons and nuclei, all of which are discussed for their 
contributions to deciphering water oxidation. The information gathered from these 
theoretical methods was meant to be complementary to experimental data, as well as 
offer insight for deciphering anomalous experimental spectra. 
Many different electronic structure methods were used for this study, and each 
chapter describes the specific procedures used within it. Overall, accurate methods for 
calculating the electronic potential were required in order to obtain reliable electronic 
information. Therefore, robust benchmarking of ab initio electronic structure procedures 
was performed with a variety of different methods in order to find an accurate approach 
that could reproduce experimental standards. The methods required for a high degree of 




demanding. Carefully chosen hybrid density functionals, determined to yield results 
sufficiently consistent with demanding highly correlated methods, were then used in 
order to save calculation time. From these accurate methods, configuration space 
searches were conducted throughout this study, and relative energies were obtained for 
stable isomers for the specific cluster sizes. Obtaining the isomer energy ordering offered 
insight to not only what kinds of structures are more prevalent, and, therefore, the 
properties that stabilize these low-energy forms, but also the thermal distribution of the 
isomers. These distributions are especially important when comparing to experimental 
data because many isomers may be thermally accessible at the experimentally sampled 
temperature. Many-body expansions of the electronic energies within the isomers, as well 
as energy decompositions of bonding energies, were conducted on specific isomers. From 
these analyses, driving forces were isolated, and highlighting the origin of size-dependent 
characteristics. In-depth harmonic and anharmonic analyses were also conducted and 
provided diagnostic information into how bond strengths are affected within the clusters 
and in what manner the vibrations deviate from a harmonic approximation. Analysis of 
the orbital manifold of the water cluster cations and the changes of electron densities 
from ionization, unveiled important electronic considerations for structural properties and 
demonstrated the effect that charged species can have on solvating water molecules. The 
aggregate of all of the isomer studies, energy and structural decompositions, and 
vibrational analyses, enabled an accurate in-depth analysis of water clusters perturbed by 
the removal of an electron. 
The following introductory sections provide background and summary knowledge 




larger study, each building to larger and more complicated chemical systems. The layout 
of the remaining introductory sections mirrors the remaining chapters in the manuscript – 
all but one of which have been published in peer-reviewed journals, the other being 
accepted and to-be published – and form an anchor for these chapters to big-picture WOC 
research ramifications. 
 
1.6 Cationic Water Clusters 
 The aim of this research study was to understand the underlying driving forces 
involved in water oxidation. The foundation of this investigation was built upon a study 
of bare water cluster oxidation, the energy-demanding, coupled 4-electron, 4-proton half-
reaction responsible for generating molecular oxygen from water. As a first step, toward 
fundamental understanding of this 4-electron oxidation process, the first oxidation step – 
removal of a single electron from water – was examined in this series of studies. 
However, the removal of 1 electron transitions the problem from closed-shell to open-
shell, thereby severely complicating system’s electronic structure. Therefore, initiating 
the study at this simplified water oxidation model enabled easier deconvolution of the 
complicated inner-sphere electronics and dynamics involved in the oxidation of water, as 
well as determination of the driving forces that could provide insight into how to reduce 
the influence of undermining oxidation overpotentials. 
 The drawbacks listed in section 1.4 comprise the motivations for pursuing the 
study into oxidized water clusters that do not contain any catalyst. The perspective of this 
investigation was atypical, compared to many WOC development studies. Rather than 
finding a molecule and exploring its water-oxidation ability, the purpose of this study was 




utilized as the targeted interactions for a WOC to either promote or impede. The 
determination of these targets would lead to more precise and refined studies to be 
performed on WOCs as a result of having a clearer idea of the key interactions that must 
take place for efficient water oxidation, thus possibly accelerating their development.  
 The bottom-up study began at small oxidized water cluster sizes containing only 2 
to 5 molecules (Chapter 2). The low-energy configuration space was investigated at the 
selected size regimes as well as incorporated anharmonic vibrational analyses (Chapter 
3). In a relaxed neutral state, the dimer was comprised of a hydrogen-bond donor and 
acceptor. Upon single ionization, a proton is shuttled from donor to acceptor, forming a 
stable hydronium and hydroxyl radical contact pair. This species was stable until 3 
additional solvating water molecules were added to the ionized cluster. At this size 
regime, the solvation energy of the hydronium by water molecules outcompeted the 
attraction between the contact pair, and an interleaving water migrated between the 
hydronium and hydroxyl radical. An increase in the cationic cluster size to 21 waters 
(Chapter 4), where multiple solvation shells were possible, led to an accentuation of the 
separation between the hydronium and hydroxyl radical. At this size regime, the two 
species migrated to opposite sides of the cluster, via a Grottus-type mechanism,72, 73 
where any driving force to reform a contact-pair was largely outcompeted by the 
favorable solvation of the hydronium. These gas-phase calculations contained very few 
waters compared to a condensed-phase environment. But even with this model, favorable 
properties for an efficient catalytic cell were recognized – driven charge separation. In 
chemistry involving a homogeneous WOC, the hydroxyl unit is typically bound to the 




ligands in the WOC cannot sterically prohibit the migration of water molecules near the 
location of the activated waters. Sterically inhibiting this movement would decrease the 
driving force for the separation of charge. The ligands ideally should promote water 
molecules into the activated water complex, increasing the driving force to separate the 
contact pair. Secondly, the catalyst should encourage the localization of the radical 
electron away from the hydronium and towards the hydroxyl species. In a contact-pair 
structure, the radical electron was shared between both the hydroxyl and hydronium 
units. After a separation of just one interstitial water molecule, the radical electron 
becomes highly localized only on the hydroxyl species. Therefore, a WOC promoting 
these behaviors could decrease the overpotential associated with the localization of 
charge in the water oxidation mechanism and with the movement involved with the 
separation of the hydroxyl radical and hydronium. 
 A second achievement of the investigation into cationic water clusters was the 
resolution and characterization of experimental spectra. By using high-accuracy 
anharmonic models (Chapter 3), as well as thermally weighted normal mode data 
(Chapter 4), computational vibrational spectra were generated for various cluster sizes. 
The spectra were developed to confirm the accuracy of theoretical models, as well as 
interpret noisy experimental spectra. Infrared spectra were also generated for cluster sizes 
for which experimental data was available. This information, as well as the knowledge of 
diagnostic peaks within spectra, such as free hydroxyl radical stretches, will prove 








1.7 Solvated Copper: A Model Catalyst System 
 The study of cationic bare water clusters provided insight into the effects that 
ionization incurs upon water. The true utility of this information comes from observing 
how water clusters are perturbed by inclusion of a WOC. As an intermediate step, a 
model WOC – a copper (I) ion – was chosen. Copper is the active center in experimental 
WOCs,74, 75 and has well understood redox properties.62 The copper atoms in WOCs are 
at higher oxidation states than +1, but beginning the study at closed-shell copper (I) 
provided an important testing ground for the competition between electrostatic and 
chemical effects. The model copper catalyst continued the bottom-up approach that had 
been the foundation of this entire study. Hydrated copper (I) (Chapter 5) was a first step 
to understanding how a real WOC will interact with water without introducing an 
extremely complicated metal complex. A copper (I) provides the potential for unique 
chemical interactions beyond simple electrostatic considerations, because it contains 
chemically available d orbitals. Understanding how, and to what extent, the extra d 
orbitals of a non-standard cation chemically perturbed a water cluster established a clear 
reference point for analyzing the properties of the water and catalyst systems. 
 This project was meant to answer two overall questions: what is the isomer 
progression in solvated copper (I) systems at sizes that have not been studied, and how 
far does the electronic influence of the metal atom extend into a solvation network? In 
order to answer these questions, a configuration-space search was performed on hydrated 
copper (I) clusters containing 1 to 10 water molecules. As in the cationic water cluster 
studies, an understanding of the isomer landscape, when combined with quantum 
chemistry analyses, yielded clues to what properties and driving forces that stabilize the 




point energies and vibrational modes, were calculated for all cluster sizes. Harmonic 
frequencies were helpful in understanding the extent of the copper’s perturbation to a 
water cluster by analyzing the deviation of O-H vibrational frequencies away from their 
inherent frequencies in neutral water. Decomposition of the electronic interactions of the 
numerous isomers into the approximate contributions of electrostatic, polarization, and 
charge transfer effects was also performed, and the contributions were tracked with 
cluster size. The data collected from these analyses enabled the observation of copper 
(I)’s spatial range of influence with increasing solvation. The interaction between the 
copper cation and the surrounding water molecules, unlike solvated alkali metal cations, 
was found to be decidedly chemical in nature. This effect was found to be notably size-
dependent, with more electrostatic character in larger clusters. The resulting perturbation 
of the characteristic water stretch frequencies was also found to extend into at least the 
third solvation shell, suggesting that the influence of strong ions can partially activate 
water over a reasonably long distance.  
 The information acquired from the copper (I) study portrayed a much more 
electronically complicated system than was originally believed to be responsible for the 
cation’s interactions with solvating water molecules. Polarization of the water’s electron 
density as well as electrostatic interactions, comprised most of the molecular interactions 
within the clusters, but also a significant amount of charge transfer was present. The 
chemical bonding, due in part from hybridization of copper orbitals, was confirmed by 
substituting the copper atom with lithium, sodium, and potassium cations. The 
incorporation of these copper substitutes resulted in significant differences in 




role. This property also affected the geometries of copper-containing clusters, most 
notably in the 3-coordinate trimer cation where one of the copper-oxygen bonds is longer 
than the other two. The chemical interaction also influenced different binding energies 
for sequential additions of the last 2 water molecules in the trimer to make a 3-
coordinated copper (I) system. The second water’s binding energy was dominated by 
polarization while the third water’s binding energy was highly influenced by 
electrostatics. 
 At smaller clusters sizes, copper has been shown76 to favor a 2-coordinate system, 
and this coordination was thought to continue with cluster growth. In this study, cluster 
sizes around 5 to 6 solvating waters displayed a growing driving force manifesting to 
increase the coordination of the copper (I) center and, by 10 waters, low-energy 4-
coordinate copper (I) conformers became stable. This stepwise progression in 
coordination originated from a combination of the extreme polarization the copper (I) 
atom enacted upon multiple solvation shells. This strong interaction also affected the 
strength of hydrogen bonds, resulting in significant red shifts of O-H stretches within the 
solvated copper clusters. The beginning signatures of water-cluster activation (oxidation) 
were detected within these solvated copper (I) systems. These results provide a small-
model glimpse into the manner in which water is chemically activated and demonstrate 
how the interactions within a hydrated nonstandard cation system differs from that of a 
solvated “noble-ion” behavior. 
 
1.8 Quantum and Classical Molecular Dynamics Acceleration 
 Dynamics simulations provide indispensable information in many theoretical 




provide diagnostic kinetic and thermodynamic data, as well as vibrational spectra. 
Oxidized water is very anharmonic and contains a complicated open-shell ion electronic 
structure, which necessitates the use of computationally laborious methods, such as ab 
initio molecular dynamics (MD). Path integral methodology, such as path integral 
molecular dynamics (PIMD), can incorporate nuclear quantum effects into dynamics 
simulations. These quantum properties manifest as zero-point energies, tunneling, and 
anharmonic effects. These properties can also result in peak shifts, the appearance of new 
peaks, intensity changes, and resonances in vibrational spectra. Unfortunately, first 
principles classical and quantum dynamics are computationally demanding. This 
computational bottleneck limits the accuracy, as well as the sizes of chemical systems 
that can be practically studied via these methods. Because of the importance of classical 
and quantum dynamics to chemical systems in this study, as well as larger oxidized 
systems in the future, new methodologies were developed in parallel with the WOC study 
to accelerate dynamics trajectories. 
 The first enhancement developed was a new way to perform an extrapolation of 
the self-consistent field (SCF) equations in Born Oppenheimer MD (BOMD).77 The SCF 
procedure is iteratively converged at each timestep in an MD simulation and constitutes 
the dominant computational bottleneck. A simple polynomial least-squares regression 
(PLSR) is able to be applied to the previous timesteps’ solutions to the SCF equations 
and extrapolate the approximately converged value.78 On average, only minor changes to 
the system occur from one dynamics step to the next due to small timesteps. This concept 
enables fairly accurate extrapolations to occur. The extrapolated guess can then be used 





 Motivated by the observation that this electronic information forms an oscillatory 
signal, a linear prediction routine incorporating a Burg minimization (BLP), was 
integrated into BOMD simulations as an alternative to PLSR extrapolation (Chapter 6). 
This change is a result of BLP having the potential to produce higher-quality extrapolated 
values in comparison to PLSR for this form of data.79 BLP is similar to PLSR in that it 
performs a minimization of the chi-squared ( χ2 ) function, but the construction and 
implementation is unique and more powerful. The extrapolated data point generated from 
BLP is comprised of a weighted linear combination of previous data points, unlike in 
PLSR where a polynomial is fit to the data, from which the extrapolated value is 
calculated. BLP noticeably decreased the number of iterations per timestep, as well as 
decreased the instability incurred from utilizing any algorithm that is not strictly time-
reversible. BLP proved to be a very easy and user-friendly methodology to accelerate 
MD trajectories.  
 A second method, designed to accelerate PIMD simulations, decreased 
computational overhead in PIMD by enabling the use of faster, less accurate electronic 
structure methods instead of accelerating existing MD machinery, as was performed with 
BLP. This acceleration was achieved by applying a multiple-timestep approach to PIMD, 
specifically to the potential energy term (Chapter 7). In PIMD, multiple trajectory 
instances occur simultaneously, and this collection of trajectories is colloquially termed 
path integral “beads”. The beads are connected by harmonic springs, forming a ring 
polymer that is responsible for capturing the delocalized quantum properties. 




classical MD trajectory by that same number (e.g., 32 beads are typically required to 
converge water at 300K). This increase in computational expense can make even 
relatively small systems computationally prohibitive. By applying multiple-timestepping 
techniques to the potential energy, the new method enabled the application of the desired 
high-level quantum calculations on only a few beads of the ring polymer, whereas the 
balance can be characterized by much simpler, cost-effective quantum chemistry 
methods. Standard implementations of PIMD require all beads to be computed at the 
same level of theory. This new simplification of the electronic structure methods for the 
beads led to a significant computational speedup with only negligible error accumulation.  
 The following chapters within the document are comprised of the publications 
obtained for the topics discussed thus far and in the same order. They collectively 
represent an investigation into the fundamental electronic and structural behaviors of the 
cationic water systems as precursors to WOCs, as well as methodologies to accelerate 
MD for computationally accessibility for larger water-oxidation studies. The information 
and tools developed throughout this research study will help enable investigations beyond 
the cationic water analysis presented in this manuscript. 
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ION-RADICAL PAIR SEPARATION IN LARGE  
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SIGNATURES OF SIZE-DEPENDENT STRUCTURAL 
PATTERNS IN HYDRATED COPPER(I)  
CLUSTERS, Cu+(H2O)n=1-10 
 
Reprinted with permission from Herr, J. D.; Steele, R. P. Signatures of Size-Dependent 
Strucutral Patterns in Hydrated Copper(I) Clusters Cu+(H2O)n=1-10. J. Phys. Chem. A 










































ACCELERATING AB INITO MOLECULAR DYNAMICS  
SIMULATIONS BY LINEAR PREDICTION METHODS 
 
Reprinted from Herr, J. D.; Steele, R. P. Accelerating Ab Initio Molecular Dynamics 
Simulations by Linear Prediction Methods. Chem. Phys. Lett. 2016, 661, 42-47, 

























ACCELERATING AB INITO PATH INTEGRAL  
SIMULATIONS VIA IMAGINARY  
MULTIPLE-TIMESTEPPING 
 
Reprinted with permission from Cheng, X.; Herr, J. D.; Steele, R. P. Accelerating Ab 
Initio Path Integral Simulations via Imaginary Multiple-Timestepping. J. Chem. Theory 














































7.1 Summary of Research and Future Prospects 
This series of computational studies collectively formed a bottom-up analysis of 
water oxidation and the underlying driving forces present within cationic water systems. 
The purpose was to investigate aspects of water oxidation and catalysis that have not 
been previously explained and offer insight for the inner-sphere workings of WOCs. The 
properties and characteristics of bare, cationic water clusters were first investigated. Key 
structural changes, including separation of the ion-radical contact pair, were observed as 
the number of water molecules was increased. These changes were later seen to be 
exacerbated in clusters containing multiple solvation shells. Cationic water cluster 
vibrational spectra were generated computationally and decomposed in order to explain 
anomalous peaks, as well as determine signatures of water clusters activated for 
oxidation. Following the bare water-cluster study, an investigation was conducted into 
how transition metal cations, specifically a copper (I) cation, perturb neutral water 
clusters, compared to the cationic water-cluster benchmarks. This model was utilized not 
only as a precursor to full homogenous WOC studies, but also to understand how a 
species containing available d orbitals interacts with solvating water molecules. The 
solvated copper (I) analysis unveiled many non-intuitive covalent, electrostatic, and 





metal clusters. Lastly, 2 methods were developed to reduce the computational 
overhead required to perform classical and quantum dynamics on reactive systems, 
including larger oxidized water clusters. These dynamical routines provide new tools for 
understanding the thermodynamics and quantum driving forces of reactive systems. 
Importantly, the acceleration methods did not incur significantly more error than already 
occurs from numerical integration methods. Because of the generality of the methods, 
they will hopefully have an impact on the MD community beyond the timescale of this 
thesis.  
The future of this research program is to begin to study a bona fide homogeneous 
catalyst to understand its interactions with solvating waters and determine how they differ 
from what was observed from the fundamental studies presented in this document. A 
triglyclglycine macrocyclic copper (II) WOC has been preliminarily studied and 
represents the initial step past this research program.1 This catalyst is comprised of cheap 
and readily available elements, is created by a simple self-assembling mechanism, and is 
fairly stable in oxidative working conditions.2 These properties are what made this 
molecule highly attractive for further investigation. Several details of the inner-sphere 
redox chemistry remain speculative; however, the present study has begun to probe the 
system from an electronic structure prospective and will try to carve out the unknowns 
within the mechanism and offer molecular-level connections between observed 
electrochemical data and the determined catalysis cycle. Information on bare water 
oxidation will also be utilized to determine how to further stabilize this catalyst under 
working conditions as well as improve its capability of decreasing water-splitting 




This study is the culmination of 4.5 years of research into WOC and MD 
acceleration. The information and discussions contained within this document will not 
drive the overnight commercial adoption of renewable fuel sources. These fundamental 
studies lay the proverbial groundwork for an electronic-level understanding of how water 
loses an electron. From the beginning, this study was meant to generate the data and 
understanding of what is required to make informed decisions on what determines the 
viability a potential WOC candidate. It is hoped that with the fundamental understanding 
of water oxidation and MD acceleration methods developed throughout this study, maybe 
current society will be one step closer to a renewable and green energy economy. 
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